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Effects of General Population Aging on Subpopulation with Spinal Cord Injury
As the mean age of the US population has increased in the last century, we have likewise observed an increase in the mean age of the SCI population. According to the NSCISC, the mean age at time of injury in the United States has increased from 28.7 yrs in the 1970s (1973Y1979) to 38.0 yrs in 2000 2 and was approximately 40 yrs during the 2005Y2009 2,3 period ( Fig. 1 ). Although data from multiple sources and other industrialized countries confirm the increase in mean age for people with new SCI, 2,4Y6 changes in referral patterns and in the SCIMS centers contributing to the longitudinal database along with changes in injury prevention strategies may also affect this trend. 3, 7 This increasing age at injury potentially results from older individuals being injured and/or increasing survivorship and longevity among those with early onset SCI. In a recent review of the literature, the emergence of a bimodal age distribution 5,6,8Y12 of SCI has been observed in some countries, with a peak in age of onset among young adults caused by motor vehicle crashes, violence, and sports and another peak in onset among people 65 yrs and older primarily caused by falls. 13 It appears that, with the aging of the population, a greater number of people are surviving and active at older ages and are therefore contributing to the changing age distribution of people with new SCI. The implications of an emerging bimodal distribution of SCI involve addressing the characteristics and needs of very different populations in clinical care and research: those with younger onset SCI who advance to old age with SCI (or who are aging with SCI) and those who have aged (including frail older persons) and incur SCI. Figure 1 shows the mean age at injury over time.
Although the mean age at injury increased steadily between 1973Y1979 and 2005Y2009 and there is a trend toward a bimodal distribution of new injuries by age, SCI still occurs predominantly among young men. According to 2009 data from the NSCISC, 3 the most common age at SCI was 19 yrs, with one-fourth of all injuries occurring to persons between the ages of 17 and 23 yrs (25.3%) and half of all injuries occurring between the ages of 16 and 30 yrs (50.9%). Sixty percent of the population surviving with SCI is currently younger than 45 yrs. 2 Hence, although population aging has affected the demographic distribution of SCI such that we may observe the emergence of a bimodal distribution, most people still incur their injuries as young adults and before experiencing significant aging. The result is that most people with new SCI have the potential to live most of their lives with SCI and have the potential for significant aging with SCI.
The second feature of population aging is the increasing share of the US population who is 65 yrs and older. US Census Bureau data reflect this change, reporting that the population 65 yrs and older has increased 10-fold in the past century and by 12.0% from 1990 to 2000. Furthermore, during the 1990s, the highest rate of growth (38%) of the older population occurred among the oldest (those 85 yrs and older), with the number of those from 75 to 84 yrs increasing by 23%, and the number of those from 65 to 74 yrs increasing by less than 2%. 14 Similarly, the US SCI population also has seen a steadily increasing share among older age groups with the proportion of those 65 yrs or older increasing from 3.1% in 1973Y1979 to 10.1% in 2005Y2010. 14 However, once again, this comparison may be affected by population variability in participating SCIMS over the 27-yr span because the data are derived from a longitudinal database that was developed in the early 1970s when it is anticipated that relatively few older adults would have been enrolled in the early years of the database.
Increasing life expectancy is a third feature of population aging. 15 This feature is reflected in US population dynamics with longevity nearly doubling during the 20th century. 1, 16 Data on life expectancy in the SCI population derived from the NSCISC database are shown in Figure 2 , which compares life expectancies among people with SCI by (1) injury severity (motor incomplete, paraplegia, low tetraplegia, high tetraplegia, or ventilatordependent), (2) age at injury (20, 40, or 60 yrs old), and (3) year of injury (1996 vs. 2010), as well as with the life expectancy of the general US population.
As seen in Figure 2 , life expectancy for the population with SCI has been and continues to be lower than that observed for the US population without SCI. However, within the SCI population, life expectancy varies significantly according to the level and severity of SCI, as well as the prevalence of risky behaviors and socioeconomic status. 3 In general, those with motor incomplete injuries have seen absolute increases in life expectancy since 1996, although less than that observed in the US general population over the same time period. However, even these modest improvements were not observed in most of the other groups with motor complete paraplegia or tetraplegia.
Furthermore, despite promising advances in life expectancy for those with functional motor preservation (motor incomplete SCI), life expectancy estimates still do not match those observed in the general population and are, in fact, reduced on the order of 9%Y78%, depending on the severity of injury and the age at onset. 3 The data also exclude ventilator-dependent individuals, which would be expected to reduce the survival estimates even further. Specifically, those with less severe injuries tend to have life expectancies that more closely approximate, yet still do not quite match, those of the general population. Disturbing, however, is that, within severity of injury groups, life expectancy has an increasing proportional decline by age. For example, an individual with C5YC8 tetraplegia who is injured at age 20 yrs and survives the first year has a 31% reduction in the remaining life expectancy (from 58.8 yrs to 40.3 yrs), whereas a similar patient injured at age 65 yrs would experience a 59% reduction (from 18.7 to 7.6 yrs), and a similar patient injured at age 75 yrs would have a 69% reduction (from 11.9 to 3.7 yrs). Hence, life expectancies are significantly reduced for those with SCI, and there is an interaction between the severity of injury and age at injury that affects these estimates ( Fig. 3 ).
The comparison of temporal trends in life expectancy is another method to track how successfully people with SCI are aging. Comparing 1996 with 2010, life expectancy in the US general population increased 4.1% for 20-yr-olds (from 56.3 to 58.6 yrs), 5.6% for 40-yr-olds (from 37.6 to 39.7 yrs), and 9.3% for 60-yr-olds (from 20.5 to 22.4 yrs), 17 whereas comparable data from the NSCISC of persons surviving the first year of SCI between 1996 and 2010 yielded mixed results. Temporal improvements in life expectancy between 1996 and 2010 for the least severely injured are promising in that they exceed those observed for the general population. For example, the increase in life expectancy for a 20-yr-old with functionally motor incomplete SCI is 7.5%, from a mean of 49 to 52.7 yrs; 40-yr-olds have seen a 7.9% increase, from a mean of 31.7 to 34.2 yrs, and the increase was 11.9% for 60-yr-olds, from a mean of 15.9 to 17.8 yrs. Alarming, however, are the life expectancy reductions occurring during this 14-yr period for the following groups: & people with paraplegia injured at ages 40 and 60 yrs, & people with low tetraplegia injured at age 60 yrs, & people with high tetraplegia injured at ages 40 and 60 yrs, and & ventilator-dependent individuals injured at ages 40 and 60 yrs. Figure 4 shows the gaps in life expectancy for the SCI and non-SCI populations by age and severity of injury.
In summary, the mean age at injury and mean age of the SCI population have increased, likely a result of overall population aging. However, SCI has clear detrimental effects on longevity, with life expectancy increasing for the least severely injured and for those injured at younger ages. In 2006, Strauss et al. 18 noted that most improvements in mortality over the past 30 yrs of data collection of the SCIMS had been realized in the first 2 yrs after injury (40%), whereas the improvement in mortality in 2 yrs after injury had been small and not statistically significant. As stated by DeVivo and Chen, 19
The percentage of elderly persons in the prevalent [SCI] population will not increase meaningfully until significant progress is made in reducing the high annual mortality rates currently observed among older persons with SCI. Those who reach older ages will typically have incomplete and/or lower level injuries and will have relatively high degrees of physical independence and overall good health and community participation. www.ajpmr.com
Spinal Cord Injury and Aging
In a recent workshop on aging with SCI, 4 during which consumers with SCI discussed pertinent aging issues alongside medical experts, it was similarly concluded that BIalthough there have no doubt been improvements in long-term rehabilitative care, their effect in enhancing the life span of persons with SCI appears to have been overstated.[ In summary, although medical and rehabilitative care have significantly improved longevity for people with SCI compared with that observed 50Y70 yrs ago, 20Y22 recent data indicate a relative plateauing of life expectancies for many people with SCI. Therefore, significant disparities exist in life expectancy within and between those with SCI and the general population, and this gap appears to be widening.
Aging Trajectory After SCI: An Argument for Accelerated Aging
The previously mentioned data suggest that SCI alters the trajectory of aging such that both the rate and characteristics of aging are affected. The term Baccelerated aging[ has been used to describe this altered aging trajectory in people with physical disability in the context of health conditions occurring earlier and/or more frequently than would otherwise be observed, leading to a narrow margin of health. 23 This accelerated aging for people with SCI are likely caused, in large part, by a cadre of physiologic changes associated with the neurologic injury and impairment that lead to immediate and long-term effects on body systems. 20,24 These body systemYbased phenomena have been confirmed in several studies describing health complications associated with aging and SCI, 25Y27 and there have been several reviews summarizing the impact of aging with SCI by organ system. 28Y30 Individuals with SCI report more health problems, and they do so at a younger age, than do nondisabled individuals. 31, 32 The consequences of this altered aging trajectory are cumulative and farreaching and include impacts on physical function, psychosocial function, and quality-of-life.
Factors Influencing Altered Aging Trajectory in People with SCI
A comprehensive review of the health conditions that are impacted by SCI is beyond the scope of this article. However, the following briefly demonstrates the impact of the SCI on body systems as they age with SCI. & Lack of standing, ambulation, muscle activity, and weight bearing all contribute to rapid and marked changes in body composition such that muscle mass declines and adipose increases. Most recent evidence suggests that up to threefourths of those with chronic SCI are overweight or obese. 33 Body mass index only identifies approximately only one-third to one-half of persons with SCI as overweight or obese, leading to the conclusion that BMI is not accurate in people with SCI. 34Y37 An adjusted BMI tool for SCI has been suggested, 38 although further refinement is needed. The increased risk for obesity in persons with SCI is present despite normal to slightly lower caloric intake than is observed in the general population, 37 emphasizing the need for physical activity and prudent diet as preventive countermeasures. & This same inactivity and lack of muscle activity contributes to profound and nearly universal reductions in bone mineral density in individuals with SCI, 39,40 putting people with SCI at a higher risk of fractures and accompanying reductions in function and independence. Diagnosis of osteoporosis requires dual x-ray absorptiometry; however, the optimal screening method and frequency for people with SCI have not been resolved. & With a propensity toward overweight and obesity, 37 adipose tends to be preferentially located around the abdomen among people with SCI. Recent evidence implicates abdominal adiposity as an accurate predictor of cardiovascular disease. 41, 42 Abdominal or visceral obesity is now used as a marker of cardiometabolic syndrome and correlates with an increase in fasting triglycerides, 41 increased inflammationVspecifically C-reactive protein, 43,44 depressed high-density lipoprotein cholesterol, and elevated low-density lipoprotein cholesterol in persons with SCI. 45 Fat should be considered an endocrine organ, as it is known to be associated with the production of inflammatory mediators and puts people with SCI at risk of health conditions associated with being over- 64 found that individuals between the ages of 25 and 49 yrs reported the highest rates of probable major depression (15% vs. 8.7% in younger adults and 6.5% in older adults). Among individuals who have had SCI for at least 10 yrs, the rates of depression range from 17%Y33%, being significantly higher than that of the general population of the same age cohort. 65 However, these rates are significantly lower (reaching a low of 8.7%) in those 21 yrs or more after injury. Therefore, for older individuals with SCI, the risk of depression is highest during the first two decades after injury. In general, the risk of depression in the older population increases when other illnesses are present, and the ability to function becomes limited. For SCI survivors 65 yrs and older, the consequences of becoming depressed are potentially greater than they are for the nondisabled for the reasons stated previously, such as the loss of function, loss of social roles, increased dependency on caregivers, and increased risk of co-morbid conditions such as diabetes. 66 The prevention of, surveillance for, and management of these and other health conditions in people with SCI are challenged further by the fragmented nature of the US healthcare system. or comfort in the needs of people with SCI. Medical office accessibility may also hinder access to care. Physiatrists more often have knowledge of the needs of people with SCI but may lack primary care expertise. Consultations with other medical specialists may be common because of the propensity to develop health conditions. Lack of a coordinated approach to the complex care required for people aging with SCI likely contributes to the continued development of the medical and psychosocial health conditions that negatively affect health, function, quality-of-life, and participation.
Impact of Accelerated Aging on Function, Quality-of-Life, and Participation
It is critical to note that many of the health conditions that are affected by SCI may not manifest typical signs and symptoms of those conditions. The propensity for Bsilent[ disease increases the likelihood of delayed diagnosis, thereby increasing the risk of more advanced disease and subsequent functional decline, reduced participation, loss of employment, and reduced quality-of-life. Consistent with these observations, there is now an increasing body of research documenting that, with increasing age after SCI, there are declines in important health dimensions including health status and functional independence, and a corresponding increase in medical systems utilization. 66Y70 The impact of these health-related changes on quality-of-life in persons living with SCI is interactive and complex, yielding inconclusive findings. For example, it is well established in nondisabled persons that increasing age is associated with increases in subjective well-being. 71 It is also clear from several studies that most individuals with SCI report levels of quality-of-life that are not significantly different than those in nondisabled persons. 72 However, approximately 20% of individuals with SCI report declines in subjective well-being with aging. 73 In these individuals, coexistent depressed mood can be associated with a variety of negative outcomes including poorer perceived health and community integration, 74 factors associated with life satisfaction in persons with SCI. 70 In a study of British individuals aging with SCI, it was found that, although increasing depressive symptoms and reported health problems were noted with increasing duration of injury, stress levels decreased, life satisfaction improved, and the reported quality-oflife remained stable and relatively good. 75 Other research has indicated that, whereas age at injury has been associated with lower subjective well-being in a number of life areas, increasing years lived since injury has been associated with more favorable subjective evaluations of life. 66 Lastly, nonmedical, environmental, and lifestyle factors interact with these health conditions to impact participation, aging, and longevity. Lifestyle factors include high-risk behaviors such as alcohol misuse, smoking, and overuse of psychotropic medications, all of which have been linked to an elevated risk of mortality after SCI. 76 These lifestyle factors could explain some of the variance observed in longevity in people with SCI. Furthermore, the SCI population as a whole also lags behind the general population in terms of employment and income, whereas, at the same time, low income is a primary predictor of early mortality in both the general population 77, 78 and among those with SCI. 18,79,80
Interactions Relevant to Aging with Spinal Cord Injury
The complexities of aging and SCI are in part caused by the interaction and overlap between various age-related factors. 81, 82 There are at least four key age-related factors that are salient to SCI outcomes (1) current chronologic age, (2) age at injury, (3) duration of injury, and (4) age cohort (that is, the Bgeneration effect,[ or the social, economic, and medical context around an individual's SCI). Three of these (current age, age at injury, and duration of injury) can easily be quantified numerically or statistically, whereas the fourth (age cohort) is more complex, reflecting multiple environmental parameters.
These age-related variables can have both independent effects on an outcome or health condition and interact with each other to affect an outcome. Consider chronologic age as an example: because organ systems function less well as people age, the older a person is, the greater the risk for significant health conditions such as diabetes, heart disease, and osteoporosis. These vulnerabilities are likely reflected in the observed greater rate of organ system decline in individuals aging with SCI, which contribute to poorer health and greater disability. Age at injury is important when one considers the fact that younger adults are generally healthier and have greater physiologic Breserve capacity[ than do older individuals. As a result, with the same severity of SCI, older individuals would be expected to require a more lengthy recovery and rehabilitation after injury and may not be able to achieve as high a level of functioning as would their younger peers. As has been noted previously, the duration of injury can have both positive effects (e.g., experience in coping with one's SCI and greater self-efficacy) and negative effects (such as a longer period of activity restriction and relative inactivity), contributing to negative health outcomes and greater rates of physical decline. 83 Finally, although age Bcohort[ is a very difficult phenomenon to quantify, it is important to consider that the social, economic, and medical landscapes of SCI have changed dramatically over the past century. These changes range from significant medical advances in treating both SCI and associated medical problems (leading to increases in longevity from the mid-1900s to today, although note the decrease in longevity found over the past one to two decades) to sociopolitical factors such as a general increase in disability awareness, culminating in the passing of the Americans with Disabilities Act. Time-lagged designs are beneficial for evaluating the overall effects of broader environmental changes on outcomes but have rarely been used with SCI. 84 The social and medical experiences of being a person with SCI were considerably different in 1955 than at present, and this is important to keep in mind when working with individuals aging with SCI and other physical disabilities.
Aging with Spinal Cord Injury: Areas of Need for New Knowledge
Despite the growing evidence base in aging with SCI, many unanswered questions remain. Some of these questions are as follows:
1. 
Recommendations to Advance the Field of Aging with Spinal Cord Injury
Based on this brief review of the evidence regarding aging with SCI, the SCIMS Aging Special Interest Group makes the following recommendations to advance research by focusing on the following:
1. Adequately powered longitudinal, crosssequential, time-sequential, or other study designs to advance knowledge of the changing patterns of health conditions in samples of people aging with SCI.
Comparative databases related to aging with
SCI and normative or typical human aging. The current lack of knowledge limits our ability to make a positive impact on the lives of people aging with SCI because it precludes the design and planning of effective treatments and www.ajpmr.com preventive approaches to delay the onset of age-related disability among individuals with SCI. Furthermore, without the evidence base to make recommendations that can enhance the lives of individuals aging with SCI, we cannot inform heathcare providers in the community of best practices and interventions. 3. New standardized measures to improve the assessment of changes in health and function and participation across the life span. 4. New knowledge regarding the full array of physiologic changes that occur with aging, with specific attention to physiologic function, functional independence, and quality-of-life. Examples of areas of research include a. causes of septicemia, which is a major contributor to mortality in this population; b. cardiovascular health and related problems including metabolic issues; c. changes in bone density that occur after SCI onset and the relationship of such changes to sex and other demographics; d. the constellation of pain problems (neuropathic, musculoskeletal, and visceral) and trends in pain over time, both as a function of age and duration of injury; e. fatigue and its effects on function and qualityof-life; f. cognitive decline and dementia, either as a function of increasing age, medication use, or other causes; and g. musculoskeletal decline and overuse because these have significant impacts on functional independence. 5. New knowledge regarding the effects of health and wellness interventions on those aging with SCI. 6. New knowledge about the long-term psychosocial consequences of aging with SCI and of being a family member or caregiver for a loved one aging with SCI. In addition, there is a need to examine caregivers who are aging and the effects on assisting the individual with SCI to maximize independence and functioning in the face of an increasing risk of chronic or acute health conditions. 7. Strengthening interdisciplinary collaborations among researchers and medical practitioners from geriatrics and other healthcare fields and specialties. 8. New knowledge regarding the benefits and use of interventions such as assistive technologies, robotics, wellness strategies, exercise, and medications for those aging with SCI.
9. New knowledge on healthcare delivery systems that would improve care and reduce cost.
Need for Additional Research Funding and Collaborations for Aging and Disability
To address these recommendations, it is essential to first assess the consistency and sufficiency of funding for research in the area of research and disability. Although research in the area of aging and SCI has been supported by several federal agencies, most notably NIDRR, these investments have lacked the magnitude of resources, scientific focus, and continued support necessary to result in both meaningful impacts on the field of rehabilitation and benefits to the target population. In fact, there are considerable limitations in the resources to conduct quality, longitudinal studies with large samples that explore aging with SCI.
Unfortunately, research into SCI and aging has not achieved a natural fit in any of the federal funding agencies and has not been a programmatic focus for any single agency. Several factors have likely contributed to this failure: (1) Most people with SCI incur their injury at a relatively young age and much earlier than the 65-yr cutoff used by federal agencies to define an older population; hence, a natural fit with federal research programs at the time of injury is currently not in existence. (2) As summarized previously, people with SCI have a unique aging experience with very diverse and complex needs. (3) There are differences in terminology, for example, with the term Bsecondary conditions[ being used routinely in disability and rehabilitation research and other terms such as Bchronic health conditions[ or Bmultiple chronic conditions[ being used more in aging and public health research. (4) With the aging of the population, the spinal cord disease population is growing and expected to grow further, leading to differences of opinion as to whether it is in the best interests of people with SCI to limit research solely to those with traumatic injuries vs. being inclusive of other forms of Bnontraumatic[ conditions.
The net result of the previously mentioned factors is that aging-with-SCI research has not Development, and the US Department of Veterans Affairs) address disability issues, the linkages and collaborations necessary to support aging with SCI research are missing. Because of these challenges and a paucity of longitudinal investigations conducted within the United States, there remain significant knowledge gaps in this area, which subsequently limits our ability to effectively improve the aging experience of those with SCI, potentially widening the aging disparity gap.
Specific Recommendations for Spinal Cord Injury Model Systems Program
Given the notable disparities in aging and knowledge gaps regarding aging with SCI, the following recommendations are offered for consideration by the SCI Model Systems. Clearly, however, such recommendations could be implemented by others with an interest in furthering the field of knowledge regarding aging with SCI.
1. Funding and continued support for aging with SCI-specific research protocols within the SCIMS research portfolio and other NIDRR grant mechanisms. With respect to the first recommendation, support of aging-specific research could be in the form of centers, individual studies, and/or modular studies focusing on the unique needs of those aging with SCI. An important consideration is that SCI alters the aging trajectory at the time of injury; hence, aging research need not be limited to the Baged.[
Adding critical aging variables to the NSCISC database.
A second recommendation is for the NSCISC database to include additional variables to better capture basic knowledge regarding aging with SCI either in the form of core variables and/or specific variables obtained through a module or collaborative study. Variables to consider include those that are body systemYspecific (bowel, bladder, body composition, pain, fatigue, mental status, etc.), social, and/or related to participation.
Support for funding of larger collaborative
aging-with-SCI studies across agencies. A third recommendation would be to foster relationships among the various funding agencies that focus on aging and/or rehabilitation research (i.e., National Institute on Aging, Agency for Healthcare Research and Quality, Centers for Disease Control and Prevention, NIDRR, US Department of Veterans Affairs, etc.) and to encourage carving out specific avenues for aging research applied to SCI. This type of approach could be undertaken in the areas of multiple sclerosis, neuromuscular disease, traumatic brain injury, burn, and other conditions as well. 
Encouragement of collaborative and program

CONCLUSIONS
Aging is a multidimensional process, and alterations in the aging trajectory caused by characteristics associated with SCI, such as severity of injury, age at injury, duration of injury (corresponding to amount of time aging with and without SCI), era of injury, and others, make this process even more complex for people with SCI. Despite initial impressions and claims to the contrary, there has been remarkably little progress in improving longevity for people with SCI in recent years. As a result, there remains a great deal that is not yet known about the physiology of aging in individuals with SCI, the effects of aging, and the efficacy of interventions and possible preventative measures that might be used to buffer or mitigate these negative outcomes.
It is imperative that greater emphasis be placed on those aging with SCI and the aging-with-SCI experience to not only reduce but also eliminate the health and longevity disparities that have existed for years and continue to exist despite best efforts. The stubborn persistence of chronic medical conditions and early mortality, despite our advances in knowledge and training, suggests a high-priority need for aging research to improve the health and participation of people with SCI. Reversing this trend will require greater collaboration on the part of funding agencies, researchers, practitioners, advocates, policy makers, and others. 
